The protozoan Leishmania chagasi can cause disseminated, fatal visceral leishmaniasis (VL) or asymptomatic infection in humans. We hypothesized that host genetic factors contribute to this variable response to infection. A family study was performed in neighborhoods of endemicity for L. chagasi near Natal in northeastern Brazil. Study subjects were assessed for the presence of VL or asymptomatic infection, which was defined by a positive delayed-type hypersensitivity (DTH) skin test response to Leishmania antigen without disease symptoms. A genomewide panel of 385 autosomal microsatellite markers in 1254 subjects from 191 families was analyzed to identify regions of linkage. Regions with potential linkage to the DTH response on chromosomes 15 and 19, as well as a novel region on chromosome 9 with potential linkage to VL, were identified. Understanding the genetic factors that determine whether an individual will develop symptomatic or asymptomatic infection with L. chagasi may identify proteins essential for immune protection against this parasitic disease and reveal strategies for immunotherapy or prevention.
most often causes a specific human disease syndrome or syndromes. Visceral leishmaniasis (VL), which is caused by Leishmania donovani, Leishmania infantum, or Leishmania chagasi, is the cause of most Leishmaniainduced deaths. However, even among individuals infected with the same Leishmania species, there is considerable variability in clinical outcome. Environmental factors contribute but cannot wholly account for differences in the outcome of infection. These observations have led scientists to examine host factors that might influence the clinical consequences of infection.
The present study focuses on infection with L. chagasi, which is the cause of VL in a region in northeastern Brazil where the disease is highly endemic. Infection with this protozoan can result in either asymptomatic a These authors contributed equally to the work.
infection, which may be detected by a positive skin test reaction to parasite antigen, or disseminated disease with hepatosplenomegaly, fever, cachexia, and immunocompromise [1, 2] . The mortality rate among individuals with symptomatic VL in most areas of endemicity is 5%-10%, even when treatment is available. Most L. chagasi infections resolve spontaneously. Indeed, only ∼1 in 6 infected children or 1 in 16-18 adults develops symptomatic disease [3] [4] [5] . A consistent marker of healed infection and protection against subsequent reinfection is the delayed-type hypersensitivity (DTH) skin test (a Montenegro test) response to Leishmania antigen [5, 6] . Factors that determine whether a person will have spontaneous resolution of L. chagasi infection and develop a DTH response or whether he or she will experience progression to symptomatic and potentially fatal disease are incompletely understood.
VL was previously more commonly found in rural areas of Brazil, but, since the 1980s, human migration from rural to peri-urban areas has resulted in outbreaks in major cities in northeastern Brazil [7] [8] [9] [10] . The existence of these regions where high exposure is prevalent has enabled studies of host genetic factors that put individuals at risk for developing particularly severe cases of infection.
An asymptomatic outcome of L. chagasi infection is particularly important to understand, because individuals with this outcome develop an appropriate type-1 immune response to the parasite without developing disease symptoms, and they are likely to be immune to subsequent reinfection. The goal of the present study was to locate regions in the human genome that show evidence of linkage to genes controlling the development of asymptomatic infection with L. chagasi in families living in areas of endemicity. Asymptomatic infection was measured by the induration size determined by the DTH test, which provides a quantitative measurement of a type-1 DTH immune response to the parasite. Our data indicated that distinct chromosomal regions may contain genes controlling the DTH response as opposed to progressive VL. This finding supports the hypothesis that these phenotypes represent differentially programmed immune responses occurring after infection with the same organism.
MATERIALS AND METHODS

Study Area
The study site is in the eastern region of the state of Rio Grande do Norte in the peri-metropolitan area surrounding Natal, a city of ∼700,000 people in northeastern Brazil. VL has been endemic in Natal and its surrounding regions since the mid1980s [8] , accounting for 70% of all reported VL cases in the state of Rio Grande do Norte between 1990 and 2004. VL concentrates in small geographic foci, and infection rates vary over time in each neighborhood where the disease is endemic. We identified neighborhoods in which transmission of L. chagasi was ongoing, through identification of probands with active VL admitted to public hospitals in Natal or from medical records maintained by the National Brazilian Foundation for Health. Individuals with VL were visited during their hospital stay. If these individuals agreed to participate in the study, the study team subsequently visited the probands and their families in their homes. Members of neighboring households were recruited for the study if the home was nearby and if the size of the family was similar to that of the VL case family.
Ethical Considerations
Written consent was obtained from adults and from parents or guardians of minors !18 years of age, and written assent was obtained from minors 12-17 years of age. Research protocols were approved by the institutional review boards of the Universidade Federal do Rio Grande do Norte (numbers 19-01 and 21-01); the Comissão Nacional de É tica em Pesquisa (CONEP numbers 4581 and 4575); the University of Iowa; Johns Hopkins University; the University of Virginia; and the National Human Genome Research Institute, National Institutes of Health. Subjects with medical conditions discovered during the study were treated by the study team or were referred or taken to an appropriate medical resource in Natal.
Physical Examination and Laboratory Studies
All consenting family members were interviewed to determine medical history, family relationships, and environmental exposures. Blood samples were collected for determination of total cell counts, differential white cell counts, and the hematocrit; serological testing for anti-Leishmania antibodies; and selected clinical chemical analyses, when indicated for medical reasons. DNA was extracted from blood leukocytes as described elsewhere [11] . Serological testing was performed using an enzyme-linked immunosorbent assay with Brazilian L. chagasi strain MHOM/BR/00/1669 as the source of antigen [12, 13] . The DTH skin test (Montenegro test) response was assessed using 25 mg of L. chagasi antigens (provided by Steve Reed of the Infectious Diseases Research Institute, Seattle, WA). Induration was measured 48-72 h after application [6] .
Families and Environment
Study families included families with at least 1 member with VL (known as "VL families") or residents of nearby households who had resided in the area of endemicity for 3 or more years (known as "non-VL families"). There have been no documented cases of infection due to Leishmania species other than L. chagasi acquired autochthonously in the Natal region, since the resurgence of VL in the 1980s. Furthermore, according to blood bank records, the prevalence of infection with Trypanosoma cruzi, the most likely cause of a false-positive DTH skin test response, is !0.4% in this region (S.M.B.J., unpublished data). As such, a positive DTH skin test response most likely denotes previous infection with L. chagasi.
Phenotype Definitions
VL.
A diagnosis of VL was verified by clinical history, laboratory validation (a positive bone marrow smear finding or a positive result of serological testing for anti-Leishmania antibodies), and response to therapy [7] . Subjects with VL had either active VL at the time of study or a history of VL validated through review of either hospital charts or the family's copies of their medical records. DTH + (positive DTH skin test response). All subjects underwent DTH skin testing. Because it can take 6 months to several years to develop a DTH response after receiving successful treatment for VL [14] , the DTH + group included only those subjects who had a history negative for active VL and were found to have a DTH + phenotype. Successive DTH skin tests were performed 11 year apart, to avoid boosting [15] . Induration size, as determined by the DTH skin test, varied from 0 to 15 mm. For this genetic study, the exact number of millimeters of induration was analyzed as a quantitative trait. Although induration у5 mm is considered to denote a positive reaction clinically, we analyzed the actual size of the induration, because our aim is to identify genes that control the host type-1 immune responses to parasite antigens. We hypothesize that individuals at either end of the spectrum (large vs. small induration) may have different genetic profiles.
Ab + (anti-Leishmania antibody positive). This group included 56 of the 107 individuals who were found to be Ab + by serological testing and who also had a negative DTH skin test response (induration, !5 mm). For genetic analysis, Ab + individuals were coded as having an unknown phenotype, because positive serological test results denote the presence of acute infection [13] , which can progress to the VL, DTH + , or DTH Ϫ (defined as a negative DTH skin test response and a negative result of serological testing for anti-Leishmania antibodies) phenotype [5, 12, 16] . DTH
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. This category included individuals with a negative result of serological testing for anti-Leishmania antibodies and a negative DTH skin test response (induration, !5 mm) who were either living in a household with a person who had VL or living in the area of endemicity near a VL case family.
Subjects excluded from the genetic study were 3 individuals with VL who had underlying HIV infection and 4 of their relatives. After exclusion of these subjects, 1254 subjects from 191 families were available for genetic analyses.
Genotyping
Genotyping was performed at the Center for Inherited Disease Research (CIDR; Johns Hopkins University, Baltimore, MD), with permission from the Brazilian National Research Council (protocol RMX 18/04). Short tandem repeat (STR) autosomal markers across the human genome ( ), a modified vern p 385 sion of the Marshfield Genetics screening set (version 8; Marshfield Clinic Research Foundation), were genotyped for each individual. The average spacing between markers was 9 cM, with no gaps 120 cM. The overall rate of missing genotypes was 5.54%.
Data Quality Control
Data were released from the CIDR after the Genetic Analysis System (GAS; version 2.0 [December 1995]; available at: http: //users.ox.ac.uk/˜ayoung/gas/html) was run, to identify any Mendelian inconsistencies and/or systematic laboratory or binning problems. Relationship errors were further identified using Relcheck software (version 0.67 [August 1995]; available at: http://www.biostat.wisc.edu/˜kbroman/software/) [17] , which examines extended pedigrees for consistent patterns of allele sharing between classes of relatives across the genome. We also identified any residual Mendelian errors by use of the "error" option in Merlin (Multipoint Endpoint for Rapid Likelihood Inference) software (version 1.01; available at: http://www .sph.umich.edu/csg/abecasis/Merlin/). All errors were corrected before analyses were performed. Marker allele frequencies were calculated for founders only. No significant deviations from Hardy-Weinberg equilibrium ( ) were identified using P ! .001 an exact test.
Statistical Analyses
Heritability and quantitative linkage analysis. The size of skin test induration (in millimeters) was log-transformed to normalize data for analysis of the quantitative DTH trait. The log-transformed DTH phenotype approximated a normal distribution as assessed using a quantile-quantile normal plot. All individuals classified as having VL were coded as "missing" for DTH, because the DTH size varies depending on the length of time after disease.
Familial correlations were estimated using the FCOR program of the SAGE (Statistical Analysis for Genetic Epidemiology) software package (version 4.8 [1987] ; available at: http: //darwin.cwru.edu/sage/). Heritability ( ), or the proportion 2 h of variation attributable to additive genetic factors, was estimated from the sibling correlations r by use of the equation .
We performed 2 linkage analyses on the continuous DTH phenotype by use of the Merlin software program (version 1.0-a). First, we performed nonparametric quantitative regression analysis to test for allele sharing among individuals with similar DTH skin test responses. The sample mean was used to estimate the phenotypic mean, and the degree of identity-by-descent (IBD) allele sharing was estimated using multipoint methods in which all markers contributed information. Second, we per- formed variance components analysis using all members of all the families in the Merlin program, including age and sex, which were used as covariates [18] . The Merlin program performs variance components linkage analysis under the assumption of no dominance and calculates marker-specific heritability for each phenotypic trait [19] . Qualitative linkage analysis. For the dichotomous disease phenotype VL, we performed nonparametric linkage analysis with use of the Merlin program. We tested for excess IBD allele sharing among affected relatives by use of the S-all statistic originally described by Whittemore and Halpern [20] . Nonparametric allele-sharing logarithm of the odds ratio (LOD) scores were also calculated using the Kong and Cox linear model [21] .
For all linkage analyses, we calculated nominal P values across the genome. For STR markers giving suggestive evidence of linkage ( , for both quantitative trait locus [QTL] re-P ! .01 gression and variance components linkage analyses), we calculated chromosome-specific empirical P values by use of genedropping simulations in the Merlin program. Under this simulation approach, random genotypes are generated for each marker conditional on estimated allele frequencies, observed patterns of missing data, and the specified genetic map under the null hypothesis of no linkage or association with the phenotype [22] . For each chromosome with a region of interest, 10,000 replicates were simulated.
RESULTS
Study families and subjects. The study sample included 1254 subjects in 191 families with a mean size (‫ע‬SD) of 5 ‫ע‬ 3 individuals. Population characteristics were similar to those described elsewhere, and some families were included in a previously published clinical report [7] . The study population consisted of members of 130 families with at least 1 member with VL and 61 non-VL families. There were 33 multiplex VL pedigrees, defined as families with 2 or more members with VL. These families were used in VL linkage analysis. ) and significant ( ) linkage. P p .00074 P p .000022
Of the subjects with VL, 78 were symptomatic at the time of study entry. Other individuals with VL had a documented history of disease. A total of 42.5% of the relatives of subjects with VL were infected with Leishmania species, whereas 37.2% of subjects in non-VL families had infection, as documented by a positive DTH skin test response (induration, у5 mm) or a positive result of serological testing for anti-Leishmania antibodies (table 1) . Demographic information and the mean induration size, as determined by the DTH skin test, are shown in table 2.
We performed a genomewide linkage scan on autosomal chromosomes for both the VL phenotype, as a qualitative trait, and the size of DTH induration, as a quantitative trait ( figure  1 ). The families that we studied included 21 concordant affected sibling pairs with VL and 161 sibling pairs who were discordant for VL (table 3) . Despite the limited number of affected relative pairs, we identified 1 region of linkage to an unobserved gene controlling the risk for symptomatic VL on chromosome 9q near marker D9S1118 ( ; LOD score, 1.60; empirical P p .003 ) ( figure 1, dashed red lines) . P p .0034
For the quantitative DTH response, there were 440 sibling pairs with a correlation of 0.42, 212 grandparent-grandchild pairs with a correlation of 0.265, and 90 cousin pairs with a correlation of 0.13 (table 3) . This is consistent with genetic control of the DTH response, where first-degree relatives have a stronger correlation than second-or third-degree relatives. Estimated heritability of the DTH immune response was 84%, suggesting a substantial genetic component to variation in induration size, as determined by the DTH skin test.
There were several regions of interest for the quantitative DTH immune response trait, which was measured by the (logtransformed) size of the induration ( figure 1, solid ). QTL LOD scores revealed a similar pattern (table P p .029 4). This analysis also identified regions of potential interest on chromosomes 2 (marker D2S441; VCA ; LOD score, P p .003 1.60) and 13 (marker D13S894; VCA ; LOD score, P p .013 1.09). Interestingly, when we restricted our analysis to families with at least 1 member with VL, on the basis of the hypothesis that exposure is uniformly higher among these families, the VCA linkage peak on chromosomes 13 (VCA ; LOD P p .005 score, 1.43) and 19 (VCA ; LOD score, 2.47) in-P p .0004 creased despite the smaller number of families analyzed (table  4) . Selected candidate genes lying within or near the linkage peaks are presented in table 5.
DISCUSSION
The outcome of Leishmania infection depends on a complex interaction among the parasite, the sand fly vector, and the human host, with individual biological characteristics of each contributing to disease manifestations. The present study focuses on genetic factors of the human host controlling the outcome of infection with Leishmania chagasi, which is the cause of VL in northeastern Brazil. We targeted as a phenotype the DTH response in asymptomatic individuals, a marker that reflects an effective type-1 immune response to L. chagasi. The size of the DTH reaction may estimate the magnitude of acquired protective immunity. The study population was drawn from the site of a recent resurgence of VL in peri-urban Natal, the largest city in the northeastern state of Rio Grande do Norte, Brazil.
Thirty-six percent of the study population had asymptomatic infection (DTH + phenotype), 11% had symptomatic VL, and ∼50% of the subjects had no immunological evidence of L. chagasi infection (DTH Ϫ ). Markers of "infection" were a positive serological test result during acute infection and a positive DTH skin test result, the latter of which is a marker of cured asymptomatic or symptomatic infection [6, 13] . DTH Ϫ subjects in this study had lived for 3 or more years in a household that either included a member with VL or was near the dwelling of a family with a member with VL, suggesting that they had a high chance of exposure to the parasite. However, because a positive DTH skin test response can revert to negative if there is no reexposure [24] (S.M.B.J., unpublished data), it is conceivable that some subjects in this group previously had a DTH (table 5) . Finally, the gene for TGF-a lies near the peak of potential interest on chromosome 2.
Examination of the symptomatic VL phenotype in a subset of multiplex VL families yielded a small linkage peak on chromosome 9. This peak lies near the IL-11 receptor-a subunit, a cluster of T cell receptor b-chain variable region genes, and 3 chemokine receptor ligands (table 5) . Further fine mapping studies are under way to test whether any of these candidate genes or other genes in these linkage regions control either the immune response to Leishmania species or the development of VL.
Three genomewide linkage scans of VL have been reported to date. The first scan focuses on residents of a Sudanese village exposed to L. donovani. This study reported significant evidence for linkage of symptomatic disease to a region of chromosome 22q12 (LOD score, 3.50) in a genomewide linkage scan of VL in multiplex families from a single village in the Sudan. A minor locus (2q22-q23) was also suggestive of linkage in families with negative LOD scores for the 22q12 locus (LOD score, 2.29) [25] . A second genomewide scan of 2 ethnic groups in a nearby region of Sudan not only failed to reproduce the 22q12 linkage peak, but it also described 2 regions with strong linkage to VL at loci 1p22 (LOD score, 5.65) and 6q27 (LOD score, 3.74) that were village-specific and Y chromosome-specific, suggesting significant contributions from distinct founders [26] . A genome scan of VL in multiplex pedigrees from northern Brazil, which included some of our VL families, confirmed the peak at locus 6q27 (LOD, score 1.08) and identified 2 additional regions of interest (7q11.22 and 17q11.2-q21.3; LOD scores, 1.34 and 1.14, respectively). Fine mapping in the chromosome 17 region suggested allelic association with 2 chemokine genes [27] . The current study of the subset of multiplex VL families did not replicate previous findings of linkage to the VL phenotype in the Sudanese or Brazilian populations. The relatively small number of multiplex VL families in our study undoubtedly contributed to this lack of replication, but one must also consider genetic differences between populations. Differences between our study and those performed in Sudan are perhaps not surprising, because a different Leishmania species is endemic (L. donovani in Sudan vs. L. chagasi in Brazil) and because of genetic differences between the Sudanese and Brazilian populations. Just as there were differences in susceptibility genes between close villages in the Sudan and even between populations from different founders within villages, the different outcome of our study versus the other genome scan of multiplex VL families in Brazil could reflect underlying genetic heterogeneity of the population and the VL trait. Indeed, Brazilians are a genetically admixed population, and regional differences have already been documented between residents of different Brazilian states [28, 29] .
In summary, a genomewide scan of a Brazilian population exposed to L. chagasi infection identified regions of interest on chromosomes 2, 13, 15, and 19, with the latter 2 chromosomes potentially linked to an immune response to the parasite, as measured by the size of the DTH skin test reaction. This immune response was likely responsible for an asymptomatic outcome after infection with the parasite. The data also identified a novel region potentially linked to susceptibility to symptomatic VL on chromosome 9. Further fine mapping studies are needed to identify the specific genes that control the host immune response in leishmaniasis. A better understanding of the genetic factors determining whether an individual will develop symptomatic or asymptomatic infection on exposure to L. chagasi will provide a better picture of immune protection against disease caused by this parasite and has the potential to direct future efforts at immunotherapy or prevention.
